Flamespreading  in 
Granular  Solid  Propellant: 
Design  of  an  Experiment 


Douglas  E.  Kooker 
Lang-Mann  Chang 
Stephen  L.  Howard 


APfCOVE&  KJt  FCIUC  REIXASE;  OOT8i8lT5UJt»  ti  U-itUULD. 


!  g  21  ohm 


93-13905 


NOTICES 


i  ■  ' 


Destroy  this  report  when  it  is  no  longer  needed.  DO  NOT  return  it  to  the  originator. 


Additional  copies  of  this  report  may  be  obtained  from  the  National  Technical  Information 
Service,  U.S.  Department  of  Commerce,  5285  Port  Royal  Road,  Springfield,  VA  22161. 


The  findings  of  this  report  are  not  to  be  construed  as  an  official  Department  of  the  Army 
position,  unless  so  designated  by  other  authorized  documents. 


The  use  of  trade  names  or  manufacturers'  names  in  this  report  does  not  constitute 
indorsement  of  any  commercial  product. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Pudhc  reooftmc  burden  for  this  collection  of  information  is  estimated  tc  aver aoe  *  *ou r  oe^  resoorse  including  tne  time  for  renewing  instructions  searching  ex-stmq  data  sources 
gathering  and  maintaining  the  data  needed,  and  comDieting  and  reviewing  the ‘<3 1  lection  o*  information  Sena  comments  regarding  this  burden  estimate  or  an>  other  asoect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden  to  Washington  Heaaauarters  Services.  Directorate  tor  information  Operations  ano  Reports.  1215  Jefferson 
Davis  Highway,  Suite  1204.  Arlington,  va  22202^302.  and  tc  tne  Office  of  Management  and  Budget.  Paoerwcr*  Reduction  Project  (0704-0188).  Washington.  DC  20503. 


1.  AGENCY  USE  ONLY  (Leave  blank) 


A.  TITLE  AND  SUBTITLE 


2.  REPORT  OATE 

June  1993 


3.  REPORT  TYPE  AND  DATES  COVERED 

Final.  Jan  91  -  Oct  92 


S.  FUNDING  NUMBERS 


Flamespreading  in  Granular  Solid  Propellant  Design  of  an  Experiment 


PR:  1L161 102AH43 


6.  AUTHOR(S) 


Douglas  E.  Kooker,  Lang-Mann  Chang,  and  Stephen  L.Howard 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADORESS(ES) 

U.S.  Army  Research  Laboratory 

ATTN:  AMSRL-WT-PE 

Aberdeen  Proving  Ground.  MD  21005-5066 


9  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  ADORESS(ES) 

U.S.  Army  Research  Ltboratory 
AT1N:  AMSR5  -OP-CI-B  (Tech  Ub) 

Aberdeen  Proving  Ground,  MD  21005-5066 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 


ARL-MR-80 


12a.  DISTRIBUTION /AVAILABILITY  STATEMENT 


IZb.  DISTRIBUTION  CODE 


Approved  for  public  release;  distribution  is  unlimited. 


13.  ABSTRACT  (Maximum  iOO  worefrj 


When  flamespreading  in  a  gun  system  is  rapid  and  reproducible,  there  is  little  incentive  to  improve  our  fundamental 
understanding  of  the  ignition  and  flamespreading  proass.  However,  low-vulnerabiUty  (LOVA)  propellants  which  are 
deliberately  difficult  to  ignite  can  sometimes  lead  to  anomalous  ignition  and  flamespreading  behavior.  The  present 
investigation  is  an  attempt  to  study  the  fundamental  behavior  in  a  packed  bed  of  granular  gun  propellant  with  a 
laboratory  simulator.  The  apparatus  consists  of  a  hollow  cylindrical  pipe  divided  into  two  chambers.  A  small  quantity 
of  ball  powder  is  burned  in  the  igniter  chamber  sealed  by  a  diaphragm  and  multiple-nozzle  plate  from  the  flow  chamber 
which  contains  the  sample  granular  solid  propellant.  Once  the  diaphragm  bums,  combustion  gases  initially  confined 
in  the  igniter  chamber  are  driven  through  the  nozzle  plate  forming  a  hot-gas  planar  wave  which  then  propagates  through 
the  flow  chamber.  Behavior  of  this  apparatus  is  discussed  along  with  experimental  pressure  time-histories  when  the 
chamber  is  (a)  empty  and  (b)  filled  with  inert  granular  propellant.  Results  from  a  theoretical  model  help  interpret  some 
of  the  behavior. 


14.  SUBJECT  TERMS 

ignition,  ignition  studies,  picked  bed,  flamespreading,  solid  propellants,  simulators 

17.  SECURITY  CLASSIFICATION 
OF  REPORT 

1«.  SECURITY  CLASSIFICATION 

OF  THIS  PAGE 

19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

UNCLASSIFIED 

UNCLASSIFIED 

UNCLASSIFIED 

tut: 


16.  PRICE  CODE 


Standard  form  298  (Rev  2-89 


NSN  7SaO  OW8Q  5SOO 


Intentionally  left  blank. 


ii 


TABLE  OF  CONTENTS 


Page 

LIST  OF  FIGURES  .  v 

ACKNOWLEDGEMENTS . vii 

1.  INTRODUCTION  .  1 

2.  BACKGROUND  /  CONVECTIVE  IGNITION  .  1 

2.1  Single  Grain  Experiments  .  2 

2.2  Aggregate  (Packed  Bed)  Experiments .  3 

3.  FLAMESPREADING  CHAMBER  EXPERIMENT  .  5 

4.  MODEL  OF  THE  FLAMESPREADING  CHAMBER  .  11 

5.  CONCLUDING  REMARKS .  18 

6.  REFERENCES .  19 

DISTRIBUTION  LIST .  21 


Intentionally  left  blank. 


iv 


LIST  OF  FIGURES 

Figure  Page 

1.  Schematic  of  flamespreading  chamber  apparatus  .  6 

2.  Schematic  of  igniter  chamber/diaphragm  system  .  7 

3a.  Igniter  chamber/flow  chamber  pressure  time-history;  diaphragm  failure  .  9 

3b.  Igniter  chamber/flow  chamber  pressure  time-history;  successful  diaphragm  opening  . .  9 

4a.  Flow  chamber  pressure  time-history  from  the  three  wall-mounted  gauges  (from 

Figure  3b);  successful  diaphragm  opening . . .  10 

4b.  Pressure  time-history  on  cylinder  in  shock  tunnel  as  measured  by  Birk  and 

Caveny  (1980a,  1980b) .  10 

4c.  Pressure  time-history  in  modified  shock  tunnel  as  measured  by  Ritchie,  Hsich,  and 

Kuo  (1990a,  1990b)  .  10 

5.  Row  chamber  pressure  time-history  from  the  three  wall-mounted  gauges;  flow  chamber 

contains  inert  granular  propellant  .  11 

6a.  Model  predictions  for  flamesprcading  chamber,  igniter  chamber  pressure  time- 
history  [dash  -  iscntropic  flow  through  100%  of  nozzle  area,  chain-dash  = 
iscntrapic  flow  through  40%  of  nozzle  area,  solid  =  1-ms  delay  opening  of 
40%  nozzle  area  (A„  in  cmJ  here)) .  13 

6b.  Model  predictions  for  flamespreading  chamber  typical  pressure  time-history 
(solid  k  igniter  chamber,  chain-dash  =  flow  clumber,  dash  a  mass  of  ball 
powder  remaining  in  igniter  chamber].  Note;  mass  remaining  (grams)  is  plowed 
on  same  scale  as  chamber  pressure .  13 

7a.  Model  predictions  for  flow  chamber  pressure  Umc-history.  Combustion  of  5-g  ball 
powder  in  igniter  chamber.  Influence  of  diaphragm  burst  pressure:  chain- 
dash  =  10  MPa,  solid  *  IS  MPa,  chain-dot  =  20  MPa.  Calculation  assumes  zero 
time  delay  in  nozzle  opening .  14 

7b.  Model  predictions  for  flow  chamber  pressure  time-history.  Diaphragm  burst 
pressure  is  IS  MPa.  Influence  of  mass  of  ball  powder  burned  in  igniter 
chamber  solid  =  5  g.  chain-dash  =  6  g,  dot  =  7  g.  Calculation  assumes 
zero  time  delay  in  nozzle  opening  . . .  14 

Ea.  Comparison  of  model  predictions/data  from  Run  #14;  pressure  time-history  in 
igniter  chamber.  Burst  pressure  =  13  MPa,  1.5  ms  delayed  opening  of  40% 
nozzle  area  (solid  *  igniter  chamber,  chain-dash  =  flow  chamber)  .  15 


v 


8b.  Comparison  of  model  predictions/data  from  Run  #14:  pressure  lime-history  in 

flow  chamber  (no  granular  solids).  Burst  pressure  =  13  MPa,  1.5-ms  delayed 

opening  of  40%  nozzle  area  (chain-dash  =  isothermal  nozzle,  dash  = 

adiabatic  nozzle) .  15 

9a.  Comparison  of  model  predictions/data  from  Run  #31:  pressure  time-history  in 
igniter  chamber.  Burst  pressure  =17  MPa,  1.5-ms  delayed  opening  of  40% 
nozzle  area  (solid  =  igniter  chamber,  chain-dash  =  flow  chamber)  .  16 

9b.  Comparison  of  model  predictions/data  from  Run  #31:  pressure  time-history  in 

flow  chamber  (no  granular  solids).  Burst  pressure  =  17  MPa,  1.5-ms  delayed 

opening  of  40%  nozzle  area  (chain-dash  =  isothermal  nozzle,  dash  = 

adiabatic  nozzle) . 16 

10.  Comparison  of  model  prediction/data  from  Run  #35:  pressure  time-history  in  flow 
chamber  (WITH  inert  granular  solids).  Burst  pressure  =  17.5  MPa,  flow 
chamber  volume  =  800  era1  (chain-dash  =  isothermal  nozzle,  dash  = 
adiabatic  nozzle) .  17 


VI 


ACKNOWLEDGEMENTS 


The  authors  would  like  to  thank  M.  B.  Ridgely  and  T.  E.  Rosenberger  of  the  U.  S.  Army  Research 
Laboratory  (ARL)  for  their  special  assistance  to  this  program  at  the  ARL  Indoor  Range  facility.  The 
authors  are  also  grateful  to  H.  A.  McElroy  of  the  Olin  Ordnance  Corporation  who,  under  the  provisions 
of  an  ARL-Olin  unfunded  study  agreement,  supplied  the  ball  powder  propellant  used  in  the  igniter 
chamber. 


Intentionally  left  blank. 


viii 


1.  INTRODUCTION 


During  the  early  stage  of  the  gun  interior  ballistic  cycle,  the  crucial  process  is  the  propagation  of  an 
ignition  front  or  "flame  zone"  through  the  packed  bed  of  unbumed  propellant  grains  or  sticks.  Few 
concerns  arise  as  long  as  the  flamesprcading  process  is  rapid  and  reproducible.  However,  if  the  solid 
propellant  happens  to  be  difficult  to  ignite  (c.g.,  low  vulnerability  propellant),  or  if  the  strength  of  the 
ignition  system  is  marginal,  significant  delays  can  arise  in  the  propagation  of  flame  through  the  propellant 
bed.  Delays  in  flamespreading  often  lead  to  combustion  chamber  conditions  which  promote  large 
amplitude  pressure  waves  (e.g.,  Horst  (1983]).  Diagnosing  and  correcting  anomalous  behavior  associated 
with  ignition  and  flamespreading  would  be  much  easier  with  a  better  understanding  of  the  entire  process. 

In  most  gun  systems,  the  convective  ignition  process  is  dominated  by  a  three-dimensional  flow  field 
as  the  result  of  bayonet  primers,  tapered  chamber  walls,  protruding  projectile  bases,  etc.  In  this  situation, 
it  is  virtually  impossible  to  isolate  and  study  only  the  flamesprcading  event.  The  present  investigation  is 
a  deliberate  attempt  to  remove  the  complicated  three-dimensional  geometry-  by  looking  at  convective 
ignition  in  a  simple  laboratory  device  where  the  igniter  drives  an  approximately  planar  wave  through  the 
confined  bed  of  granular  propellant,  it  is  hoped  that  tire  thermal  and  pressure  environment  will  replicate 
that  of  a  typical  gun  combustion  chamber  (e.g..  the  105>mm  simulator  of  Chang  and  Rocchio  (1988)) 
The  pressure  environment  should  also  be  similar  to  that  created  by  previous  shock  tube  experiments  (sec 
Section  2.  below),  but  possibly  without  some  of  the  harshness  during  the  initial  transient. 

A  primary  focus  of  this  investigation  is  directed  toward  low  vulnerability  jwopellanis.  which  are  often 
referred  to  as  LOVA  projKUams.  The  reduced  vulnerability  to  various  hostile  threats  is  often  associated 
with  (a)  a  higlier  thresJtold  for  thermal  ignition,  and  (b)  lower  burning  rates  at  low  pressure.  However. 
Utcse  very  properties  cart  also  create  difficulties  in  tlic  ignition  sequence  of  the  gun  system  as  discussed, 
for  example,  by  Horst  (I9S3).  Since  in  many  ways,  flic  propagation  of  a  convective  ignition  front  through 
a  bed  of  granular  energetic  material  is  poorly  understood,  it  is  not  surprising  dial  theoretical  descriptions 
in  various  interior  ballistic  models  are  rather  elementary,  it  is  hoped  that  a  database  from  the  present 
experiment  may  be  helpful  in  validating  improved  models. 

2.  BACKGROUND  /  CONVECTIVE  IGNITION 

A  number  of  previous  studies  have  found  several  important  characteristics  associated  with  convective 
ignition  of  energetic  solid  materials  including  LOVA  propellant.  The  experiments  seem  to  divide  naturally 
into  two  categories,  depending  on  whether  the  investigation  involved  a  single  grain  of  material  or  an 
aggregate  (packed  bed). 
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2.1  Single  Grain  Experiments.  Birk  and  Caveny  (1980a,  1980b)  conducted  an  extensive  series  of 
ignition  tests  on  various  single  cylinders  (plus  a  tandem  configuration)  mounted  transverse  to  the  transient 
cross-flow  created  by  diaphragm  rupture  in  a  shock  tunnel.  Depending  upon  the  flow  conditions  imposed 
on  die  cylinder,  the  location  or  site  of  ignition  could  vary  from  the  front  stagnation  region,  the  flow 
separation  region,  to  the  rear  stagnation  region  in  the  cylinder  wake.  An  important  result  is  illustrated  by 
Figure  55  in  Birk  and  Caveny  (1980a)  which  shows  a  plot  of  time  to  ignition  versus  frecstream  Reynolds 
number  for  a  triple-base  propellant  (M30)  in  a  flow  of  100%  nitrogen.  It  is  quite  likely  that  changes  in 
the  site  of  ignition  are  the  cause  of  the  non-monotonic  structure  of  this  curve.  Note  that  when  the 
frecstream  Reynolds  number  exceeds  approximately  16,000,  no  ignition  is  observed.  Even  more 
important,  a  single-base  propellant  (Ml),  a  double-base  propellant  (M26  with  25%  NG),  and  a  nitramine 
composite  (85%  HMX  in  a  polyurethane  binder)  would  not  ignite  at  any  Reynolds  number  in  a  flow  of 
100%  nitrogen.  However,  when  the  composition  of  the  frecstream  flow  was  altered  to  include  50% 
oxygen,  all  four  materials  ignited  easily  at  Reynolds  numbers  less  than  10,000.  Note  dial  Birk  and 
Caveny's  results  for  die  nitramine  composite  HMXyPU  are  actually  the  first  ignition  data  on  wim  could 
be  termed  a  prototype  LOVA  propellant. 

If  successful  ignition  merely  involved  raising  die  temperature  of  a  certain  fraction  of  material  above 
some  Uweshold  value,  Uicn  increasing  die  magnitude  of  die  Reynolds  number  which  increases  die  rate  of 
convective  heat  transfer  (presumably  proportional  to  some  power  of  Reynolds  number)  slwuld  shorten 
ignition  delay  tiroes.  Clearly  It  is  not  dial  simple  for  die  materials  studied  by  Birk  and  Caveny  (1980a. 
1980b).  Tlicir  results  illustrate  die  important  concept  of  a  DamkoWer  number  (i.c..  die  ratio  of  a  flow 
residence  time  to  a  characteristic  time  for  reaction).  Rapid  ignition  dien  implies  a  Damkoldcr  number 
greater  dun  unity.  Tlic  Birk  and  Caveny  data  suggest  that  a  minimum  flow  residence  time  is  required. 
And  furthermore,  die  addition  of  oxidizer  to  the  frecstream  flow  substantially  decreases  U»c  characteristic 
time  of  die  controlling  reaction  which  is  apparently  in  die  gas  phase.  Unfortunately,  identifying  the 
controlling  reaction  (or  reaction  system)  is  not  so  simple.  However,  the  one  common  feature  shared  by 
all  the  materials  which  will  not  ignite  in  100%  nitrogen  is  a  prominent  two-stage  flaL.tC  structure  during 
combustion  at  low  pressures  (Miller  1992).  Miller's  photographs  of  the  quasi-steady  flame  zone  associated 
with  various  propellant  samples  in  a  strand  burner  at  2  MPa,  for  example,  show  evidence  of  an  extended 
secondary  flame  zone  (some  distance  above  the  regressing  interface)  for  nitramine  composites  and  single- 
and  double-base  propellants.  The  triplc-besc  propellant,  M30,  by  way  of  contrast,  is  characterized  by  a 
more  vigorous  flame  zone  at  and  near  the  regressing  solid  surface. 
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Ritchie,  Hsieh,  and  Kuo  (1990a,  1990b,  1992)  modified  the  test  section  of  the  Biric  and  Caveny 
apparatus  and  then  undertook  similar  experiments  on  single  cylinders  of  the  LOVA  propellant  XM-39 
(76%  RDX,  12%  CAB,  7.6%  ATEC,  4%  NC,  and  0.4%  EC).  Over  the  Reynolds  number  range  of  30,000 
to  50,000,  all  tests  performed  in  100%  nitrogen  showed  no  evidence  of  ignition  or  luminous  flame.  Recall 
that  Biric  and  Caveny  (1980)  found  a  similar  result  for  their  nitramine  composite  (HMX/PU).  Ritchie, 
Hsieh,  and  Kuo  (1992)  also  found  that  as  they  added  oxidizer  to  the  freestream  flow,  XM39  propellant 
did  ignite  and  the  delay  time  decreased  as  the  concentration  of  oxidizer  was  increased.  They  also 
observed  two  different  ignition  sites,  as  well  as  migration  of  the  initially  luminous  region  from  the 
shoulder  of  the  cylinder  to  the  wake  region  which  acts  as  a  flameholder.  Again,  these  results  point  to  a 
requirement  that  the  flow  residence  time  must  be  greater  than  the  characteristic  time  for  the  controlling 
gas-phase  reaction  (or  system  of  reactions). 

2.2  Aggregate  (Packed  Bed)  Experiments.  Possibly  the  earliest  attempt  to  employ  a  controlled 
environment  for  studying  convective  ignition  and  flamespreading  in  a  granular  propellant  bed  is  the  work 
of  Kuo  et.  al.  during  the  mid-1970’s  (Kuo,  Koo,  Davis  and  Coates  [1976];  Kuo  and  Koo  [1977]).  Because 
of  the  authors’  interest  in  small-caliber  ammunition  (Olin  WC-870  ball  powder,  0.825-mm  average 
diameter),  the  experiments  were  conducted  in  a  heavy-wall  steel  tube  with  an  inside  diameter  of  only  7.77 
mm  (~0.3  in).  The  tube  is  divided  into  two  sections  by  a  nozzle  plate  (7  nozzles,  each  throat  diameter 
=  1.59  mm  [1/16  in]).  The  downstream  section  (length  =  15,24  cm  [6  in])  confines  the  ball  powder 
sample,  with  a  shear  disc  at  the  far  end.  The  upstream  section  (4.76  cm  [1.87  in])  contains  the  gas-phase 
ignition  system  —  a  hydrogen-oxygen  mixture,  initially  sealed  from  the  downstream  section  by  some 
"tape"  across  the  nozzle  plate,  is  ignited  by  a  spark  plug.  Ignition  of  the  Hj/Oj  mixture  drives  a  hot  gas 
convective  flame  through  the  nozzle  plate,  Successful  ignition  of  the  granular  propellant  quickly 
pressurizes  the  downstream  chamber,  although  the  rate  of  pressurization  is  influenced  by  the  "reverse” 
choked  flow  back  into  the  igniter  chamber.  Data  from  the  wall-mounted  pressure  transducers  are  used 
primarily  to  compare  with  numerical  predictions  from  a  two-phase  flow  model.  The  time-history  from 
these  transducers  gives  clear  evidence  of  a  steepening  pressure  front  propagating  through  the  chamber, 
which  is  an  important  result  from  this  work.  However,  since  all  the  data  were  generated  from  a  single 
granular  propellant,  it  is  not  possible  to  draw  general  conclusions  about  many  aspects  of  convective 
ignition 

Varney,  Kccscr,  and  Brandstadt  (1979)  developed  a  high-pressure  flow-through  (vented)  chamber  (2 
in  diameter,  max  length  of  12  in)  as  part  of  an  investigation  of  the  "ignition  effectiveness"  which  might 
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be  expected  from  several  types  of  igniter  materials.  In  Varney,  Martino,  and  Henry  (1983),  this  device 
was  devoted  to  an  ignition  study  of  a  Navy  LOVA  propellant;  the  data  showed  that  successful  ignition 
required  significantly  less  igniter  energy  when  the  igniter  flow  contained  oxicizer-rich  species  (from  AP). 
This  result  was  confirmed  in  a  more  comprehensive  investigation  by  Vame>,  Martino,  and  Peters  (2987) 
which  employed  a  shortened  (3.5  in  length)  version  of  the  vented  chamber  device  used  earlier.  Nine 
different  constant-energy  mixtures  of  igniter  material  (BP,  NC,  and  blends  of  SP  with  AP,  KP,  AN,  and 
KN)  were  evaluated  as  an  ignition  source  for  granular  LOVA  propellant  (74.75%  RDX,  12%  CAB,  7.6% 
ATEC,  4%  NC,  1.25%  KS,  0.4%  EC).  Again,  the  oxidizer-rich  igniter  materials  were  found  to 
significantly  reduce  the  ignition  delay  time.  Furthermore,  LOVA  ignition  did  not  occur  if  the  length  of 
the  bed  was  less  than  some  minimum  value  (although  the  propellant  grains  would  lose  mass  in  a  pyrolysis 
process).  The  authors  also  found  that  ignition  delay  time  would  increase  if  the  igniter  products  "over¬ 
penetrated"  the  bed  (i.e.,  they  were  driven  into  the  bed  at  high  velocity).  These  last  two  results  strongly 
suggest  a  minimum  residence  time  for  the  igniter  gases  in  the  aggregate  of  granular  propellant. 

Chang  (1984)  and  Chang  and  Rocehio  (1988)  developed  a  laboratory  device  wh'ch  simulates  a  105- 
mm  tank  gun,  including  the  bayonet  primer  along  the  centerline  and  intrusion  of  the  projectile  tail  back 
into  the  chamber.  Diagnostics  include  pressure  time-history  at  several  locations  in  addition  to  cine¬ 
matography  through  the  clear  plastic  walls  which,  of  course,  are  sacrificed  in  a  successful  test.  Granular 
propellants  tested  included  M30  and  four  early  LOVAs  (CAB/NC/RDX).  Chang  (1984)  found  that  the 
LOVA  propellants  were  more  difficult  gr.  '  titan  M30  in  the  105-mm  simulator,  and  an  igniter  mixture 
6828  (NC/NG/KCLCyEC  26/17/57/1)  whose  products  included  free  oxygen  would  reduce  the  ignition 
delay  time  for  the  LOVA  propellants  by  one  half  compared  to  a  Bcnitc  igniter.  However,  the  faster 
ignition  with  the  6828  igniter  led  to  rapid  fiamesprcading  and  the  formation  of  pressure  waves. 
Furthermore,  changes  to  the  configuration  (hole  sizes,  etc.)  of  the  bayonet  primer  had  a  significant 
influence  on  ignition  delay  times. 

Messina.  Ingram,  and  Tricarico  (1988)  built  a  special  25-mm-diamctcr  transparent  simulator  to 
investigate  the  carly-timc  events  in  a  particular  25-mm  APFSDS  cartridge.  This  chamber  incorporated 
the  actual  primer  as  well  as  the  intrusion  of  the  tail-boom  assembly  of  the  projectile.  The  authors  found 
that,  for  XM39  LOVA  propellant,  the  presence  of  ullage  near  the  primer  location  led  to  long  ignition  delay 
times;  however,  the  ignition  delays  nearly  vanished  when  the  ullage  was  placed  at  the  forward  end  of  the 
cartridge,  and  when  live  LOVA  propellant  was  replaced  by  a  high-cncrgy,  double-base  propellant.  These 
results  would  seem  to  indicate  the  presence  of  an  important  residence  lime  as  well  as  differences  in  the 
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thermal  threshold  for  convective  ignitio"  T.  support  of  the  Navy  76-mm/62  program,  Messina,  Ingram, 
and  Konig  (1989)  developed  a  Ml- scale  76-mm  ballistic  simulator  to  investigate  the  ignition  and 
flamespreading  behavior  in  a  granular  Navy  LOVA  propellant  during  the  evaluation  of  certain  igniter 
compositions  and  geometric  configurations.  The  benite  igniter  material,  whose  combustion  products 
contain  no  free  oxygen,  was  much  less  effective  in  igniting  the  LOVA  propellant  than  LI- 10  igniter 
material  which  produces  10  mole  %  of  free  oxygen.  The  authors  also  noted  that  approximately  doubling 
the  vent  area  in  a  primer  tube  with  benite  material  caused  a  significant  increase  in  ignition  delay  time. 


3.  FLAMESPREADING  CHAMBER  EXPERIMENT 

The  current  experiment  is  not  intended  to  simulate  a  particular  primer,  or  to  evaluate  the  performance 
of  a  class  of  igniter  materials.  The  objective  here  is  to  study  ignition  and  longitudinal  flamespreading  in 
a  bed  of  granular  gun  propellant,  particularly  LOVA  propellant.  Within  practical  limitations,  the  desired 
experiment  should  have: 

(a)  an  ignition  source  which  will  drive  a  planar  wave  through  the  chamber, 

(b)  an  ignition  wave  composed  of  gas-phase  products  only; 

(c)  an  ignition  source  which  is  reproducible  but  would  permit  the  gas  composition  to  be  changed; 

(d)  and  a  chamber  with  closed  volume. 

Requirements  (a)  aiul  (b)  are  intended  to  create  an  environment  which  is  easy  to  model;  for  example, 
condensed-phase  igniter  products  are  known  to  be  very  effective  in  promoting  ignition,  but  their  behavior 
is  difficult  to  represent  in  a  theoretical  model.  Furthermore,  a  gas-phase-only  ignition  wave  should 
directly  influence  llte  reactive  gas  phase  in  the  granular  bed  which,  based  on  data  from  previous 
convective  ignition  experiments,  may  be  a  controlling  influence.  Tltc  purpose  of  (d)  is  to  simulate  the  gun 
combustion  cliambcr  which  will  trap  and  retain  ail  pyrolysis  products  from  the  solid  propellant.  Finally, 
the  ignition  wave  should  have  a  rise  time  of  2-4  ms  and  maintain  a  pressure  level  within  the  range  of 
1-4  MPa  for  die  purpose  of  recreating  the  marginal  ignition  environment  suggested  by  the  simulator 
experiments  of  Lang  and  Rocchio  (1988). 

Figure  1  is  a  schematic  of  the  dual  chamber  apparatus  designed  to  meet  the  above  objectives.  The 
operation  is  straightforward.  A  small  quantity  of  ball  powder  is  burned  in  the  igniter  chamber  which  is 
scaled  by  a  diaphragm  and  a  multiple-nozzle  plate  from  the  flow  chamber  which  contains  the  sample 
granular  material.  When  the  diaphragm  bursts,  combustion  gases  initially  confined  in  the  igniter  chamber 
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are  driven  through  the  r.ozzic  plate  forming  a  planar  wave  of  hot  gases  which  propagates  through  the  flow 
chamber.  The  rise  time  and  strength  of  the  ignition  wave  should  be  a  function  of  the  amount  of  ball 
powder  burned  in  the  igniter  chamber,  the  burst  pressure  of  the  diaphragm  covering  the  nozzle  plate,  the 
size  of  the  nozzle  holes,  etc.  Heat  losses  to  the  walls  of  the  flow  chamber  will  be  minimized  with  the  use 
of  an  acrylic  liner  (12.  /-mm  thick  [0.5  in])  which  also  allows  high-speed  cinematography  through  window 
openings  in  the  outer  steel  chamber.  A  blowout  disc  at  the  far  end  of  the  flow  chamber  should  limit  the 
maximum  chamber  pressure. 

The  ins'de  diameter  of  the  igniter  chamber  is  69.8  mm  (2.75  in)  and,  in  the  present  configuration,  the 
length  or  height  is  35  mm  (1.375  in).  However,  various  length  internal  sleeves  can  be  used  to  adjust  the 
height  (hence,  volume)  as  an  additional  control  on  the  pressurization  rate.  A  12.7-mm  (0.5  in)  thick  steel 
nozzle  plate  with  101  2.38-mm-diameter  holes  separates  the  igniter  chamber  from  the  flow  chamber.  The 
flew  chamber  contains  a  replaceable  acrylic  liner  with  an  inside  diameter  of  76  mm  (3  in)  and  a  length 
of  304.8  mm  (12  in).  The  dashed  lines  shown  in  Figure  1  indicate  the  window  areas  in  the  outer  steel 
chamber  which  expose  the  acrylic  liner  (for  photography).  In  the  present  configuration,  four  wall-mounted 
Kistler  211B1  pressure  transducers  provide  a  description  of  the  chamber  events;  P0  is  in  the  igniter 
chamber.  P,  is  19  mm  (0.75  in)  into  the  flow  chamber,  P2  is  located  at  129.6  mm  (4.75  in),  and  P5  is  at 
273  mn.  (10.75  in). 


Prrsurc  Gauges  (Pq^.P^) 

P2  P3 


Nozzle  Acrylic  l-inrr  *  Shear  Disk 

Plate  7 


Figure  1.  Schematic  of  flame, spreading  chain hcr  apparatus. 
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Figure  2. 


Design  of  the  diaphragm  covering  the  nozzle  plate  required  some  trial  and  error.  The  diaphragm  must 
retain  its  integrity  while  pressure  builds  in  die  igniter  chamber  and  combustion  of  the  ball  powder  is  well 
under  way.  It  must  then  burst  reliably  to  start  the  flow  through  the  nozzle  plate.  An  additional  problem 
is  to  prevent  die  burning  ball  powder  from  being  entrained  into  the  flow  through  the  nozzle  plate  and. 
hence,  entering  the  flow  chamber,  this  would  create  the  unwanted  two-phase  ignition  environment. 
Figure  2  is  a  schematic  of  the  current  system.  Typically,  5  g  of  Olin  ball  powder  (undeterred  WC-870, 
average  particle  diameter  of  0.775  mm)  arc  placed  within  a  38-mm  (1.5  in)  diameter  aluminum  "cup"  and 
then  ignited  near  the  top  with  a  bridge  wire;  the  cup  is  thermally  insulated  to  minimize  heat  loss.  The 
diaphragm  system  is  multi-layered.  Pressure  scaling  is  done  by  two  thicknesses  of  mylar  which  cover  the 
nozzle  plate.  The  other  materials  serve  as  a  thermal  shield  to  prevent  hot  ball  powder  particles  from 
prematurely  burning  through  the  mylar  discs  before  they  reach  their  burst  pressure.  Two  layers  of 
aluminum  foil  in  the  shape  of  a  donut  (inside  diameter  «  50.8  mm)  arc  placed  directly  on  lop  of  the  mylar 
discs.  Then  the  aluminum  cup  is  surrounded  by  another  donut  (inside  diameter  =  38  mm)  of  "furnace 
filter"  material  approximately  18  mm  in  height;  this  donut  of  Alter  materia!  is  covered  on  the  top  by  a 
single  layer  of  aluminum  foil.  These  thermal  layers  are  designed  to  protect  the  mylar  discs  from  hot 
particles  which  may  escape  over  the  side  of  the  cup. 


Unless  otherwise  stated,  all  results  below  apply  to  a  flow  chamber  which  is  empty  (contains  gas  only 
[i.e.,  no  granular  solids]).  Figure  3a  shows  a  pressure  time-history  from  the  flamespreading  chamber 
apparatus  when  the  mylar  discs  were  not  thermally  protected;  the  system  behavior  is  a  total  failure. 
Figure  3b  shows  a  similar'  run  using  the  above  thermal  protection  system  for  the  mylar  discs;  the  dual 
chamber  system  has  the  desired  behavior.  Note  that  as  the  pressure  in  the  flow  chamber  rises  to  that  of 
the  igniter  chamber,  the  nozzle  plate  system  unchokes,  leaving  a  fairly  uniform  pressure  level  in  the  flow 
chamber  for  approximately  100  ms. 

It  is  of  interest  to  compare  the  pressure-time  environment  created  by  the  present  flamespreading 
chamber  apparatus  with  that  from  the  earlier  experiments  on  convective  ignition  in  a  shock  tube.  The 
pressure  records  shown  in  Figure  3b  from  the  three  wall-mounted  gauges  in  the  flow  chamber  are  redrawn 
in  Figure  4a  during  the  initial  25 -ms  time  window  after  diaphragm  burst.  In  this  particular  run,  the  flow 
chamber  pressure  rises  within  approximately  4  ms  to  a  value  near  2.75  MPa  (400  psi),  and  then  increases 
slowly  by  10%.  The  shock-tube  experiment  of  Birk  and  Caveny  (1980)  produces  the  pressure  time-history 
shown  in  Figure  4b  on  the  transverse  cylinder,  as  might  be  anticipated,  the  rise  time  is  faster  (less  than 
2  ms),  but  after  a  few  oscillations  the  pressure  level  becomes  fairly  uniform.  A  typical  result  from 
Ritchie,  Hsieh,  and  Kuo  (1990b)  reproduced  in  Figure  4c  also  shows  a  rise  time  of  2  ms,  a  slight 
oscillation  in  pressure  level,  and  then  a  27%  pressure  rise  over  16  ms,  apparently  caused  by  the  addition 
of  the  upstream  throat  system  in  the  shock  tunnel.  It  appears  that  the  present  flamcspreadlng  chamber 
experiment  is  capable  of  generating  a  pressure  environment  which  is  similar  to  the  shock  tunnel,  but  with 
reduced  harshness.  The  environment  is  also  quite  similar  to  that  found  by  Chang  and  Rocchio  (1988) 
during  ignition  anomalies  in  die  105-mm  simulator.  Figure  5  shows  an  example  of  the  behavior  when  the 
flamespreading  chamber  is  filled  with  inert  granular  propellant  (diameter  of  10  mm.  length  of  24  mm); 
the  initial  response  of  the  three  gauges  suggest  a  wave  propagating  at  approximately  220  m/s  which  is  a 
typical  value  (sec  Kookcr  ( 1988)).  The  overshoot  in  Figure  5  reported  by  the  farthest  gauge  (P,.  near  the 
shear-disc)  may  have  been  the  result  of  momentary  bed  motion  caused  by  nonuniform  packing.  Several 
runs  were  conducted  to  check  repeatability  of  this  behavior,  however,  the  igniter  chamber  suddenly 
developed  a  gas  leak  which  then  compromised  these  results.  Reproducibility  will  be  checked  in  future 
runs,  once  the  gas  leak  has  been  repaired.  Assuming  it  will  be  possible  to  control  some  of  the  smaller 
features  of  the  pressure  response  curves,  lire  flamespreading  chamber  should  prove  to  be  a  useful  tool  in 
developing  a  database  which  may  help  explain  convective  ignition  behavior  in  packed  beds  of  granular 
propellant. 
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4.  MODEL  OF  THE  FLAMESPREADING  CHAMBER 


A  simple  lumpcd-parametcr  model  of  the  dual  chamber  system  was  constructed  to  predict  the  response 
to  various  parametric  changes.  The  model  encompasses  both  chambers  illustrated  in  Figure  1.  The 
analysis  of  the  igniter  chamber  adopts  the  same  well-stirred  reactor  equations  derived  for  the  closed- 
chamber  burning  rate  reduction  program  "BRLCB"  (Obcrlc  and  Kookcr  1992).  In  the  present  version  of 
the  model,  all  combustion  is  assumed  to  take  place  in  the  igniter  chamber.  When  the  pre-set  diaphragm 
burst  pressure  has  been  exceeded,  the  igniter  chamber  equations  provide  for  a  mass  loss  term  which 
accounts  for  the  flow  through  the  nozzle  plate  system.  Initially,  a  choked  flow  condition  describes  tills 
mass  flux  which  then  Tills"  the  flow  chamber.  As  the  pressure  in  the  flow  chamber  rises,  the  analysis 
senses  ths  particular  value  at  which  the  nozzle  system  unchokcs.  This  normally  provides  a  dramatic 
change  in  the  rate  of  pressurization  or  depressurization  of  the  system.  The  analysis  accounts  for 
convective  heat  transfer  to  the  inside  surface  area  of  the  multiple  nozzles  in  the  nozzle  plate,  but  the  flow 
chamber  is  assumed  adiabatic  because  of  the  acrylic  liner  at  the  circumferential  walls. 


Model  predictions  of  the  igniter  chamber  pressure  (e.g.,  Figure  6a)  suggest  several  important 
characteristics  of  the  diaphragm  and  nozzle  plate  system.  Once  the  diaphragm  rupture  pressure  has  been 


exceeded,  the  dashed  line  in  Figure  6a  shows  the  expected  depressurization  of  the  igniter  chamber  for 
isentr  pic  flow  through  the  full  geometric  area  of  the  nozzle  plate.  The  chain-dash  line  is  the  expected 
depressurization  curve  if  the  effective  nozzle  area  (AJ  were  only  40%  of  the  geometric  area  (as  a  result 
of  all  flow  losses).  The  solid  line,  in  addition,  assumes  that  the  diaphragm  rupture  process  occurs  in  a 
finite  time  interval;  it  is  assumed  here  that  the  nozzle  area  opens  linearly  in  a  1-ms  time  interval.  This 
last  curve  more  nearly  approximates  the  actual  behavior  of  the  apparatus.  Figure  6b  shows  typical 
behavior  for  both  chambers — the  solid  line  is  the  igniter  chamber  and  the  chain-dash  line  is  the  flow 
chamber.  Unchoking  of  the  converging/diverging  nozzle  system  occurs  as  the  pressures  are  nearly  equal 
(just  after  10  ms,  here).  The  dashed  curve  represents  grams  of  igniter  propellant  remaining  to  be 
consumed  (although  the  label  on  the  scale  says  MPa).  (Note  that  at  unchoking,  approximately  1.5  g  of 
the  original  5  g  remains  to  bum.)  This  plays  a  role  in  controlling  the  increase  or  decrease  of  the  flow 
chamber  pressure  as  a  function  of  time.  The  model  suggests  two  other  ways  to  modify  the  pressure  time 
curve  in  the  flow  chamber.  Figure  7a  shows  the  predicted  effect  of  raising  the  diaphragm  burst  pressure 
from  10  to  20  MPa,  while  burning  5  g  of  ball  powder  in  the  igniter  chamber.  Figure  7b  shows  that  a 
possible  mechanism  to  compensate  for  heat  losses  is  a  slight  increase  in  the  mass  of  ball  powder  burned 
in  the  igniter  chamber  while  keeping  the  diaphragm  burst  pressure  constant  (15  MPa,  here). 

Figure  8  shows  a  plot  of  pressure  time-histories  (Run  #14)  from  the  four  gauges  along  with  model 
predictions  which  assume  a  burst  pressure  of  14  MPa,  l.5-ms  diaphragm  opening  time,  and  40%  effective 
flow  area  of  the  4.5-cm3  nozzle  plate.  Before  the  time  of  diaphragm  burst,  the  comparison  with  igniter 
chamber  pressure  in  Figure  8a  is  not  particularly  good;  note,  however,  tire  model  assumes  dial  all  the  ball 
powder  grains  arc  ignited  at  time  zero,  while  the  experiment  ignites  the  ball  powder  from  the  top  with  a 
bridge  wire.  After  diaphragm  burst,  however,  the  comparison  is  fairly  good,  including  the  prediction  of 
the  pressure  level  at  which  tire  nozzle  system  undtokes.  Figure  8b  compares  the  flow  chamber  pressure 
time-history  (at  gauge  P,)  with  two  theoretical  predictions;  the  chain-dash  curve  assumes  maximum  heat 
loss  to  the  steel  nozzle  walls  (isothermal  walls)  and  Uic  dashed  curve  assumes  no  heat  loss  (adiabatic  wall). 
The  comparison  shows  that  the  isothermal  curve  characterizes  the  rise  time  and  plateau  level  up  to 
approximately  16  ms,  but  then  the  curve  turns  up  in  the  direction  of  the  adiabatic  prediction.  This  is 
typical  of  the  comparisons;  after  the  plateau  value,  the  rising  level  of  flow  chamber  pressure  seems  to 
indicate  a  saturation  of  the  heat  transfer  to  the  nozzle  walls  (i.e.,  the  surface  temperature  of  the  nozzle 
walls  may  momentarily  approach  that  of  the  gas  flow).  However,  not  all  comparisons  show  this  degree 
of  agreement  Figure  9  displays  the  results  from  Run  #31.  lire  prediction  of  the  unchoking  value  of 
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Figure  10.  Comparison  of  model  predictions/dat ,  from  run  #35:  pressure  time-history  in  flow 
chamber  (WITH  inert  granular  solids').  Burst  pressure  =  17.5  MPa,  flow  chamber 
volume  ~  800  cm3  (chain-dash  =»  isothermal  nozzle,  dash  =>  adiabatic  nozzlel. 

pressure  is  not  quite  as  accurate,  as  seen  in  Figure  9a.  The  measured  flow  chamber  pressure  (again,  gauge 
Pi)  shown  in  Figure  9b  suggests  that  the  initial  pressure  rise  follows  the  adiabatic  approximation  rather 
than  the  isothermal,  which  is  contrary  to  intuition.  There  still  may  be  some  subtleties  which  the  model 
has  neglected. 

Finally,  Figure  10  shows  a  comparison  of  the  flow  chamber  pressure  (gauge  Pj)  for  a  case  when  the 
chamber  was  filled  with  inert  granular  propellant.  To  account  for  the  presence  of  the  solid  phase,  the  flow 
chamber  volume  available  for  the  gas  phase  was  appropriately  reduced  in  this  model  prediction.  However, 
the  model  ignores  heat  loss  from  the  hot  gas  to  the  solid  grains,  which  judging  from  the  comparison  with 
the  experimental  data,  is  substantial.  The  model  will  be  upgraded  in  the  near  future  to  account  for  both 
phases  in  the  flow  chamber. 
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5.  CONCLUDING  REMARKS 


The  current  Ilamespreading  chamber  design  appears  to  create  a  planar  gas-phase  ignition  wave  which 
will  propagate  from  one  end  of  a  flow  chamber  through  the  confined  sample  granular  material.  With  the 
proper  thermal  protection  for  the  diaphragm  material  which  seals  the  nozzle  plate,  the  apparatus  generates 
a  pressure  wave  with  a  rise  time  of  approximately  3  ms  to  a  range  of  pressures  between  1-4  MPa  for  a 
time  interval  of  at  least  50  ms.  This  should  provide  enough  flexibility  to  create  an  environment  for 
studying  the  marginal  convective  ignition  behavior  of  many  compositions  of  granular  solid  propellant, 
especially  LOVA  propellants.  The  current  lumped-parameter  model  of  the  dual  chamber  apparatus  has 
been  helpful  in  interpreting  several  features  of  the  pressure  response  curves. 

Future  work  will  include  an  attempt  to  use  shielded  thermocouples  to  measure  gas-phase  temperature 
within  the  compacted  aggregate  of  granular  propellant.  Simultaneous  data  for  static  pressure  and 
temperature  in  the  gas  phase  should  help  define  the  convective  environment  imposed  on  the  granular 
propellant  bed.  It  is  hoped  that  data  from  this  flamesprcading  chamber  will  prove  particularly  valuable 
in  validating  predictions  of  gun  propellant  ignition  within  interior  ballistic  models. 
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1  AVCO  Everett  Research  Laboratory 

ATTN:  D.  Stickler 
2385  Revere  Beach  Parkway 
Everett.  MA  02149-5936 

I  General  Applied  Sciences  Lab 

ATTN:  J.  Erdos 
77  Raynor  Ave. 

Ronkonkama.  NY'  11779-6649 

1  General  Electric  Company 

Tactical  System  Department 
ATTN:  J.  Mandzy 
100  Plastics  Ave. 

Pittsfield.  MA  01201-3698 

1  UTR1 

ATTN:  M.J.  Klein 
10  W.  35th  Street 
Chicago.  1L  60616-3799 

4  Hercules.  Inc. 

Radford  Army  Ammunition  Plant 
ATTN:  L.  Gizzi 

D.A.  Worrell 
WJ.  Worrell 
C.  Chandler 

Radford.  VA  24141-0299 
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2  Hercules.  Inc. 

Allegheny  Ballistics  Laboratory 
ATTN:  William  B.  Walkup 
Thomas  F.  Farabaugh 
P.O.  Box  210 

Rocket  Center.  WV  26726 

1  Hercules.  Inc. 

Aerospace 

ATTN:  R.  Cartwright 
100  Howard  Blvd. 

Renville.  NJ  07847 

1  Hercules.  Inc. 

Hercules  Plaza 
ATTN:  B.M.  Riggleman 
Wilmington,  DE  19894 

1  MBR  Research  Inc. 

ATTN:  Dr.  Moshe  Ben-Reuven 
601  Ewing  St..  Suite  C-22 
Princeton.  NJ  08540 

1  Olin  Corporation 

Badger  Amy  Ammunition  Plant 
ATTN:  F.E.  Wolf 
Baraboo.  W1  53913 

3  Olin  Ordnance 
ATTN:  E.J.  Kirschkc 

A.F.  Gonzalez 
D.W.  Worthington 
P.O.  Box  222 

St.  Marks.  FL  32355-0222 

1  Olin  Ordnance 

ATTN:  H.A.  McElroy 
10101  9th  Street.  North 
St.  Petersburg.  FL  33716 

1  Paul  Gough  Associates.  Inc. 

ATTN:  P.S.  Gough 
1048  South  St. 

Portsmouth.  NH  03801-5423 

1  Physics  International  Library 

ATTN:  H.  Wayne  Wampler 
P.O.  Box  5010 

San  Leandro.  CA  94577-0599 
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2  Princeton  Combustion  Research 

Laboratories.  Inc. 

ATTN:  N.  Mer 

N.A.  Messina 
Princeton  Corporate  Plaza 
1 1  Deerpark  Dr..  Bldg  IV.  Suite  1 19 
Monmouth  Junction.  NJ  08852 

3  Rockwell  International 
Rocketdyne  Division 
ATTN:  BA08. 

J.  Flanagan 
J.  Gray 
R.B.  Edelman 
6633  Canoga  Avenue 
Canoga  Park.  CA  91303-2703 

2  Rockwell  International  Science  Center 

ATTN:  Dr.  S.  Chakravarthy 

Dr.  S.  Palaniswamy 
1049  Camino  Dos  Rios 
P.O.  Box  1085 
Thousand  Oaks.  CA  91360 

1  Southwest  Research  Institute 

ATTN:  J.P.  Ricgcl 
6220  Culcbra  Road 
P.O.  Drawer  28510 
San  Antonio.  TX  78228-0510 

1  Sverdrup  Technology.  Inc. 

ATTN:  Dr.  John  Deur 
2001  Aerospace  Parkway 
Brook  Park.  OH  44142 

3  Thiokol  Corporation 
Elkton  Division 
ATTN:  R.  Wilier 

R.  Biddle 
Tech  Library 
P.O.  Box  241 
Elkion,  MD  21921-0241 

1  Vcritay  Technology.  Inc. 

ATTN:  E.  Fisher 
4845  Millersport  Hwy. 

East  Amherst.  NY  I4SQI-030S 

l  Universal  Propulsion  Company 

ATTN:  H.J.  McSpaddcn 
25401  North  Central  Avc. 

Phoenix.  A2  85027-7837 
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1  SRI  International 

Propulsion  Sciences  Division 
ATTN:  Tech  Library 
333  Ravenwood  Avenue 
Menlo  Park.  CA  94025-3493 

Aberdeen  Proving  Ground 

1  Cdr.  USACSTA 

ATTN:  STECS-PO/R.  Hendricksen 
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1  Emst-Mach-Institut 

ATTN:  Dr.  R.  Heiser 
Haupstrasse  18 
Weil  am  Rheim 
Germany 

1  Defence  Research  Agency.  Military 

Division 

ATTN:  C.  Woodley 
RARDE  Fort  Halstead 
Sevenoaks,  Kent.  TN14  7BP 
England 

1  School  of  Mechanical.  Materials,  and 

Civil  Engineering 
ATTN:  Dr.  Bryan  Lawton 
Royal  Military  College  of  Science 
Shrivenham.  Swindon.  Wiltshire. 

SN6  8LA 
England 
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2  Institut  Saint  Louis 

ATTN:  Dr.  Marc  Giraud 
Dr.  Gunther  Sheets 
Postfach  1260 
7858  Weail  am  Rhein  1 
Germany 

1  Explosive  Ordnance  Division 

ATTN:  A.  Wildegger-Gaissmaier 
Defence  Science  and  Technology 
Organisation 
P.O.  Box  1750 

Salisbury.  South  Australia  5108 

1  Armaments  Division 

ATTN:  Dr.  J.  Lavignc 
Defence  Research  Establishment 
Valcartier 

2459.  Pie  XI  Blvd.,  North 
P.O.  Box  8800 

Courcelctie.  Quebec  GOA  1R0 
Canada 
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